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a  b  s  t  r  a  c  t
Thin  ﬁlms  of  tin  dioxide  (SnO2)  are  deposited  by  the  sol–gel-dip-coating  technique,  along  with  GaAs
layers,  deposited  by the  resistive  evaporation  technique.  The  as-built  heterojunction  has  potential  appli-
cation  in optoelectronic  devices,  combining  the  emission  from  the  rare-earth  doped  transparent  oxide
(Eu3+-doped  SnO2 presents  very  efﬁcient  red emission)  with  a high  mobility  semiconductor.  The  advan-
tage  of  this  structure  is the  possibility  of  separation  of  the  rare-earth  emission  centers  from  the  electron
scattering,  leading  to  a strongly  indicated  combination  for electroluminescence.  Electrical  characteriza-
tion  of  the  heterojunction  SnO2:Eu/GaAs  shows  a  signiﬁcant  conductivity  increase  when  compared  to
the conductivity  of the  individual  ﬁlms,  and  the  monochromatic  light  irradiation  (266  nm)  at  low  tem-
perature  of  the  heterojunction  GaAs/SnO2:Eu leads  to intense  conductivity  increase.  Scanning  electron
microscopy  (SEM)  of  the  heterojunction  cross  section  shows  high  adherence  and  good  morphological
quality  of  the  interfaces  substrate/SnO2 and  SnO2/GaAs,  even  though  the  atomic  force  microscopy  (AFM)
image  of the  GaAs  surface  shows  disordered  particles,  which  increases  with  sample  thickness.  On  the
other  hand,  the  good  morphology  of  the  SnO2:Eu  surface,  shown  by  AFM,  assures  the  good  electrical
performance  of  the  heterojunction.  The  observed  improvement  on the  electrical  transport  properties  is
probably  related  to the  formation  of  short  conduction  channels  at  the  semiconductors  interface,  which
may  exhibit  two-dimensional  electron  gas  (2DEG)  behavior.. Introduction
Aiming for the combination of the rare-earth (RE) Eu3+ incorpo-
ation into an oxide semiconductor with technologically desirable
roperties, along with a high mobility semiconductor, the depo-
ition of GaAs on top of SnO2 thin ﬁlm was done, generating
 simple heterostructure SnO2:RE/GaAs. Tin dioxide (SnO2) is a
ide bandgap semiconductor (3.6–4.0 eV [1]), with useful elec-
rical and optical properties for application in several devices,
uch as transparent electrodes and gas sensors [2].  On the other
and, gallium arsenide (GaAs) is one of the most essential semi-
onductor for microelectronics, used in applications where the
nteraction of light and electricity is required [3],  mainly due to
he direct bandgap transition, leading the excited electrons to
ccupy preferentially the  valley of the conduction band, of higher
obility [4].
Investigation on the trivalent rare-earth incorporation in semi-
onductor has grown signiﬁcantly in the last years, because RE
resent optical transitions in a wide range, from ultraviolet to
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infrared, giving birth to technologically interesting emissions,
including electroluminescent devices [5]. The Eu-doped matrix
SnO2 presents two  types of Eu3+ incorporation: at symmetry sites
(transition 5D0 → 7F1), substitutional to Sn4+, or Eu3+ at asymmet-
ric sites (transition 5D0 → 7F2), at particles surface, due to doping
segregation [6].  In both cases the luminescent properties charac-
teristics are in the range of 570–720 nm [7].
The formation of heterojunctions using transparent oxides on
top of semiconductors has called a great deal of attention recently.
High-quality self-textured ZnO ﬁlms has been grown on top of a
GaAs substrate, forming a heterojunction with characteristic of rec-
tifying diode, with blue-violet and infrared electroluminescence
[8],  suitable for optical ﬁber telecommunications applications.
Promising devices for the development of solid-state lighting
was  achieved by n-ZnO/n-GaAs heterostructured light-emitting
diodes [9].  Conductive and transparent SnO2 thin layer has been
sprayed onto macroporous n-type Si, produced by photoelec-
trochemical etching, in order to form a photovoltaic junction
[10]. Gallium selenide (GaSe), a wide bandgap semiconductor, is
another perspective material for use in optoelectronic devices.
SnO2/GaSe heterojunctions, having optically transparent SnO2
electrodes, have been deposited by thermal oxidation or by mag-
netron sputtering [11]. The combination of SnO2 with Al2O3 layer
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eposited by similar processes of the ﬁlms deposition used in
his paper, has led to a simple device with fair insulation when
our layers or Al2O3 are grown on top of the tin dioxide ﬁlm
12], being a potential combination for application in transparent
evices.
The proposal of this work is to combine Eu3+ doped SnO2 with
aAs, giving birth to a simple heterojunctions SnO2:Eu3+/GaAs
nd GaAs/SnO2:Eu3+. The electrical characteristic of the interface
etween both semiconductors indicates a very promising perfor-
ance related to the electrical transport. It is expected that the thin
lms deposited by both of these processes naturally contain a high
ensity of structural and interfacial defects. However, the electrical
haracteristics of the heterojunction, evaluated through conduc-
ivity as function of temperature data, points to a very promising
erformance, related to the behavior of the interface between these
wo semiconductors.
. Experimental
The SnO2 colloidal suspension was prepared by the sol–gel pro-
ess from an aqueous solution of SnCl4·5H2O(s), adding a solution of
Cl dissolved Eu2O3(s) to obtain the desired doping concentration.
nO2:Eu3+ thin ﬁlms were deposited via dip-coating on borosil-
cate glass, at a dipping grate of 10 cm/min. Between each layer
total = 10), the ﬁlm was ﬁred for 10 min  at 400 ◦C, and a ﬁnal ther-
al  annealing at 550 ◦C [13] by 1 h, was also carried out. GaAs was
eposited by the resistive evaporation technique, using W crucible,
n an Edwards AUTO 500 evaporation system, with pressure of
bout 10−6 mbar. Indium (In) metallic electrodes were deposited
y the same technique, using Mo  crucible, trough a shadow mask.
he electrodes annealing was done at 150 ◦C for 30 min.
Morphological characterization was done by scanning electron
icroscopy (SEM) in a FEI Quanta 200, and atomic force microscopy
AFM) in an ASYLUM MFP-3D equipment. For metallization, it was
sed Au, in an Edwards Scancoat Six Sputter Coater system, during
 s.
The electrical characterization was done in a He closed cycle
ryostat from Cryogenics, coupled to a Lake Shore Cryotronics tem-
erature controller, in the range of 25–300 K. The electrical signal
ata collecting was done through a Keithley electrometer, model
17. Optical absorption was carried out in a Cary spectrophotome-
er, in the range of 190–900 nm (ultraviolet to near infrared) and for
hotoluminescence (PL) measurements, the excitation was  done
y using the fourth harmonic of a Nd:YAG laser (266 nm)  and the
ignal was detected by a CCD detector coupled with a Jobin Yvon
onochromator, model T64000.
Excitation in Raman spectra measurements were promoted
y the 514 nm line of an Ar+ laser, using optical lens of 100×
agnitude in order to improve the sample focalization. The sig-
al was collected in backscattering geometry through a CCD
etector coupled to the optical system acquired from DeltaNu
quipment.
. Results and discussion
.1. Morphological characterization
The metallurgical junction of these two materials gives birth to
 discontinuity in the conduction and valence band proﬁles. The
arriers migrate from a material to the other until the thermody-
amic equilibrium is reached (Fermi level equality of both sides),
esulting in the band bending close to the interface. Consequently,
 two dimensional electron gas (2DEG) is allowed to be formed at
he interface SnO2/GaAs, where electrons are conﬁned in quantizedcience 267 (2013) 200– 205 201
states leading the low resistivity transport parallel to the sample
conductive channel [14].
Fig. 1 shows the X-ray difractograms for heterojunctions
SnO2:2%Eu/GaAs and SnO2:0.5%Eu/GaAs, along with the SEM of
cross section and of surface of these samples. Diffractograms shown
in the main Fig. 1 present the diffuse proﬁle typical of nano-
crystallized domain. The labeled peaks correspond to the plans of
rutile structure of tin dioxide (JCPDS-41-1445) and plans of GaAs
(JCPDS-80-0016) [15]. Characteristic peaks of SnO2 are seen at
33.7◦ and 51.5◦ corresponding to crystallographic plans (1 0 1) and
(2 1 1), and characteristic peaks of GaAs at 45.4◦ e 53.7◦, related
to plans (2 2 0) and (3 1 1). At 27.1◦ there is probably a overlap-
ping of two peaks: plan (1 0 0), characteristic of SnO2, and plan
(1 1 1) of GaAs. The GaAs peaks are more evident (intense) at
the SnO2:0.5 at%Er/GaAs diffractogram, due to the higher amount
of evaporated material and the disordered surface layer, mask-
ing the SnO2 ﬁlm characterization, since the transparent oxide is
the deeper layer. The average crystallite sizes determined by the
Scherrer equation for the GaAs ﬁlm deposited individually on the
glass substrate are 10.7 nm,  7.4 nm and 9.8 nm for the crystallo-
graphic plans (1 1 1), (2 2 0) and (3 1 1), respectively. The results
shown in Fig. 1(a and b) (superior part of Fig. 1) were reported
recently [16] and they are reproduced here for better clarity of the
reported results. It is easily veriﬁed that the interface ﬁlm/substrate
as well as the interface SnO2/GaAs present good adherence. How-
ever these interfaces probably contain a high density of atomic
and structural defects due to the deposition methods. The thick-
ness can be estimated from Fig. 1(a), which is about 350 nm for
SnO2:2%Eu ﬁlm and 400 nm for the GaAs thin ﬁlm. The top GaAs
layer has a rather inhomogeneous surface as expected from the
resistive evaporation technique. However, the distribution of parti-
cles throughout the surface is rather uniform and thus far, no porous
were detected. From this image (Fig. 1(b)) it is possible to evalu-
ate an average size of the particles present in the surface, yielding
about 90 nm.  For the SnO2:0.5 at%Eu/GaAs heterostrucuture sam-
ple, the estimated thickness is about 350 nm and 250 nm,  for the
ﬁlm of SnO2:0.5 at%Eu and GaAs, respectively. The used GaAs mass
for evaporation was three times higher in this case. On the other
hand, although a rather more disorganized surface is observed, the
images shown in Fig. 1(c and d) clearly deﬁnes two layers, SnO2
and GaAs. The formation of the two dimensional electron gas is
expected in single crystals samples, grown by molecular beam epi-
taxy (MBE) for instance, but in our case, the deposition methods
themselves should lead to a uneven surface, with a high density of
interfacial defects. However, the quality of the interface is evident,
mainly for the SnO2:2.0 at%Eu/GaAs, as can be seen at Fig. 1(a). In
the SEM images of the SnO2:0.5 at%Eu/GaAs heterojunction (Fig. 1(c
and d)), it is observed that, besides the ﬁlms, there is a disorganized
particles layer in the ﬁlm, suggesting a limiting thickness for the
ﬁlm surface, above that the particles grow disordered, with weaker
adherence to the ﬁlm. That is probably related to the excess of Arse-
nium (As), since X-ray dispersive energy results reveal a higher
percentage of As compared to Ga, in GaAs deposited by resistive
evaporation [17]. The particles average size in this case is estimated
as about 180 nm.  The unit particles of the GaAs ﬁlm either for the
SnO2:2 at%Er/GaAs heterojunciton (more uniform) as well as for
SnO2:0.5 at%Er/GaAs (more disordered particles) may be assumed
as metallurgical grains of nanoscopic dimensions. Comparing the
crystallite sizes obtained from the X-ray diffractograms values with
the particles size estimated from the SEM images, we may  state
that the larger particles are grains constituted by smaller crystallite
units.A more careful look at the ﬁlms surface is allowed by Fig. 2,
where AFM images of the heterojunction SnO2:2 at%Eu/GaAs are
shown. Fig. 2(a) is AFM of the GaAs surface, and Fig. 2(b and c) is the
AFM of the SnO2:2%Eu surface phase and topography, respectively.
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nig. 1. Center: X-ray diffractogram of heterojunctions SnO2:2%Eu/GaAs and SnO2:0
he  surface of this sample. Inferior: (c) SEM image of the heterojunction SnO2:0.5%E
lthough the SEM picture of this heterojuncion given by Fig. 1
hows a much better quality when compared to the heterojuncion
nO2:0.5%Eu/GaAs, the image shown in Fig. 2(a) shows that the
ost external particles are also disordered, but in a lower exten-
ion. It reinforces the idea that the GaAs deposition by the resistive
vaporation technique becomes unreliable above some thickness,
hich is seen in the SEM cross section of SnO2:0.5 at%Eu/GaAs
eterojunction as about 250 nm.  In spite of this difﬁculty, the elec-
rical performance of this device is quite optimistic, as shown next
ection. Probably, the surface morphology of SnO2:2 at%Eu ﬁlm,
een in Fig 2(b and c) contributes to the electrical characteristics,
ince the sol–gel-dip-coating process gives birth to a rather smooth
urface composed of very small nanometric particles homoge-
eously distributed throughout the surface ﬁlm. The evaluated/GaAs. Superior: (a) SEM image of the heterojunction SnO2:2.0%Eu/GaAs (b) SEM of
s (d) SEM of the surface of this sample.
roughness of the SnO2:2 at%Eu ﬁlm surface is about 10 nm whereas
for the GaAs surface is about 74 nm,  conﬁrming the smoother SnO2
surface.
3.2. Electrical characterization
Fig. 3 shows electrical conductivity data as function of tem-
perature, measured in the dark, for SnO2:2.0 at%Eu (about 350 nm
thick), for GaAs (about 325 nm thick) and for the heterojunction
SnO2:2%Eu/GaAs (where the GaAs ﬁlm has the same thickness of
the individual GaAs ﬁlm, as seen in Fig. 1). In order to character-
ize the individual ﬁlms the bandgap evaluation of the GaAs (left
side) and SnO2 (right side) ﬁlms are shown, which are obtained
from the absorption data, considering direct bandgap transition
T.F. Pineiz et al. / Applied Surface S
Fig. 2. Atomic force microscopy of the heterojunction SnO2:2.0%Eu/GaAs. (a) GaAs
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ity of this sample when compared to the data shown in Fig. 3 is
characteristic of charge compensation in this sample, since triva-
lent rare-earth ions act as acceptors in SnO2 and then, a high charge
compensation takes place, since the SnO2 is naturally n-type, due tourface (topography), (b) SnO2:2%Eu surface (phase) and (c) SnO2:2%Eu surface
topography).
or GaAs and indirect bandgap for SnO2. Although there is a great
ontroversy on the nature of the bandgap transition in SnO2, con-
erning its direct [18,19] or indirect [20,21] nature, our best results
re obtained considering indirect transition [22]. The SnO band2
tructure is rather complex giving rise to this controversy, how-
ver the obtained value, 3.65 eV, is in very good agreement with
he literature [23,24]. In the case of GaAs, the value of 1.52 eV iscience 267 (2013) 200– 205 203
rather higher than the single crystal value of 1.42 eV [4],  which is
expected, since the resistive evaporation technique certainly does
not lead to a single crystal. It is seen in Fig. 3 that electrical con-
ductivity of the heterojunction SnO2:2%Eu/GaAs is higher than the
conductivity of the ﬁlms deposited individually. Although the for-
mation of the electron gas (2DEG) is expected in single crystals,
in the case of the heterojunctions SnO2:2%Eu/GaAs obtained in
this work, the higher conductivity allows thinking of the possi-
ble formation of small 2DEG channels, giving better mobility to
the conducting electrons, explaining the higher conductivity of the
heterojunction compared to the individuals ﬁlms. SEM of the cross
section, shown in Fig. 1(b) shows that the interface substrate/SnO2
as well as the interface SnO2/GaAs present good adherence, with no
indication of interdiffusion from one material to the other. Another
important point is that materials deposited by resistive evapora-
tion technique may  present some pores [12], which is reinforced
by the SEM and AFM images (Figs. 1 and 2). This feature may  lead
to percolation in the electrical transport in the growth direction.
However, in our case, the transport is parallel to the deposition
direction and, besides, the conduction channel is rather longer than
the sample thickness. Then, the conduction may  be modeled as
a unidimensional feature. The percolation, which could affect the
perpendicular electrical transport, does not cause any meaningful
alteration in the recorded electrical characteristics.
The monochromatic light excitation of the sample of Fig. 3 leads
to quite similar behavior on the electrical transport independent on
the light energy, either above the GaAs bandgap or above the SnO2
bandgap [16], since the GaAs act as a shield for the excitation of the
SnO2 layer. In order to evaluate the effective role of the most exter-
nal layer to the light excitation in the heterojunction, a sample with
the opposite layer order was grown, GaAs/SnO2:2 at%Eu3+. Fig. 4
shows the conductivity as function of the temperature behavior in
the dark, as well as the same sort of data obtained after illumina-
tion with the fourth harmonic of a Nd:YAG laser (266 nm)  at 30 K for
6 min, before warming up. The left inset of Fig. 4 shows a photolu-
minescence spectra for a SnO2:1 at%Eu3+ sample, where the sample
is excited with the same light source. The right inset of Fig. 4 shows
a simpliﬁed diagram of this sample. The much lower conductiv-Fig. 3. Electrical conductivity of GaAs, SnO2 thin ﬁlms and heterojunction
SnO2:2 at%Eu/GaAs, as function of temperature. Left inset: bandgap evaluation for
GaAs ﬁlm. Right inset: bandgap evaluation for SnO2:2 at%Eu ﬁlm.
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Fig. 4. Electrical conductivity in the dark and after irradiation with 266 nm
monochromatic light (4th harmonic Nd:YAG laser), for the heterojunction
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2
:2.0a t% EuaAs/SnO2:2 at%Eu. Left inset: photoluminescence of SnO2:1 at%Eu, excited with the
ame 266 nm monochromatic light. Right inset: simpliﬁed diagram of the hetero-
unction GaAs/SnO2:2 at%Eu sample.
xygen vacancies and interstitial tin atoms, which are donors in this
aterial. The spectra shown at left inset is characteristic of samples
ith Eu3+ concentration way above the solubility saturation (as the
 at%Eu3+ doped sample), where the electric dipole 5D0 → 7F2 tran-
ition is dominant, which means that the Eu+3 ions, preferentially
xcited, are located, dominantly at particles surface [6].  The higher
ymmetry transition 5D0 → 7F1, where the Eu3+ ions are preferen-
ially located at lattice sites substitutional to Sn4+, is also shown,
ut with much less intensity. Then, in the case of the measured
onductivity plotted in Fig. 4, the excitation with the 266 nm line
eads to excitation of grain boundary located Eu3+ centers as well
s electron-hole pairs, leading to the observed behavior, where the
xcitation of the most external layer (Eu-doped SnO2) is clearly
videnced.
.3. Raman scattering characterization of Eu-doped SnO2 ﬁlms
Fig. 5 shows the electronic Raman scattering (RS) of Eu-
oped SnO2 surface, either for sample with 0.5 at%Eu3+ as well
s 2 at%Eu3+, recorded in the range of 1000–3000 cm−1, at room
emperature, excited by an Ar+ laser (line 514 nm). RS of the glass
ubstrate is also shown, as reference, and it is seen that no peak
as observed for the substrate spectra. The excitation wavelength
s resonant with 7F0–5D1 transition of Eu3+ ions. Spectroscopic
echniques, such as absorption, photoluminescence and Raman
cattering have been widely employed in order to investigate inﬂu-
nces of crystal ﬁeld transitions on rare-earths ions in several types
f compounds [25–27],  which allows the investigation of related
ites for Eu incorporation in the host matrix. The electronic transi-
ion of Eu3+ level consist of six 7FJ states well separated from the
D0 excited levels. The splitting of energy levels can be observed
y the Raman process, as shown in Fig. 5, for the 7F3 state, which
an split in seven lines (2J  + 1). The transition around 2450 cm−1
s coincident with 7F4 level for Eu3+. Both Eu3+ doping concentra-
ions show similar behavior in the Raman spectrum with electronic
ransitions between 1512 and 2454 cm−1. Results of RS for splitting
f Eu3+ states reported here for Eu-doped SnO2, deposited as part
f the heterojunction SnO2:Eu/GaAs, were previously reported for
ther hosts [25–28].  No peak shift were observed for both Eu con-
entration, only an inversion of relative intensity for the 1724 cm−1
ransition, when both samples, 0.5 at%Eu and 2 at%Eu-doped SnO2,
re compared. This effect can be associated with the different EuFig. 5. Electronic Raman scattering of Eu-doped SnO2 surface, with sample concen-
tration of 0.5 at%Eu3+ and 2 at%Eu3+.
concentration, since the crystal ﬁeld effect is inﬂuenced by the
doping neighborhood. A similar crystal ﬁeld effect has been found
for luminescence results of Eu-doped xerogels [6] when excitation
with 266 nm laser line for 0.5 at%Eu samples leads to PL line shape
suggesting that the asymmetric ratio is very close to zero, indicating
that Eu3+ is actually located at lattice sites (5D0 → 7F1 transition),
substitutional to Sn4+, whereas the xerogel SnO2:1 at%Eu, presents
PL spectra with the electric dipole 5D0 → 7F2 transition as dom-
inant, which means that the Eu+3 ion, preferentially excited, are
located at low symmetry sites, dominantly at particles surface.
4. Conclusions
The electrical conductivity of the heterojunction
SnO2:2 at%Eu3+/GaAs is higher than the conductivity of the
individual ﬁlms. Scanning electron microscopy (SEM) of the
heterojunction cross section shows high adherence and good mor-
phological quality of the interfaces substrate/SnO2 and SnO2/GaAs,
even though the atomic force microscopy (AFM) image of the
GaAs surface shows disordered particles, which increases with
sample thickness. On the other hand, the better morphology of
the SnO2:Eu surface, shown by SEM, assures this good electrical
performance of the heterojunction. X-ray diffractogram of the
heterojunctions SnO2/GaAs shows crystallographic plans of GaAs
and SnO2. Raman scattering of Eu-doped SnO2 surface along with
photoluminescence data show Eu3+ characteristic transitions,
which conﬁrms that the rare-earth ion is being conveniently
incorporated. Although the resistive evaporation technique leads
to rather inhomogeneous surface and thus, the interface should
present a high density of interfacial defects, it is observed high
interface uniformity. Then, the electrical conductivity of the
heterojunction SnO2:2%Eu/GaAs may  be due to the formation of
small interfacial 2DEG channels (Fig. 3).
The most relevant aspect of this work is the combination of
two simple techniques to deposit semiconductor ﬁlms, leading to
a motivating result concerning the electrical transport. Then, the
design of simple devices becomes possible, combining the inter-
face conductivity with the selective emission of rare-earth trivalent
ions, located at different sites in the SnO2 matrix.
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